Aggregation occurs through hydrophobic interactions when a polypeptide chain refolds in non-native states or when genetic variants of biologically active proteins assume inappropriate conformations, as observed in the case of dysfunctional serpins. Here, using the molecular chaperone BiP from bovine liver microsomes, we characterized the hydrophobic nature of the peptide segment which is considered to be a site required for aggregation among a non-inhibitory serpin ovalbumin in a heat-denatured state. Screening of the peptide scan for binding of BiP showed that BiP-binding sites are mostly buried in the folded ovalbumin. When ovalbumin was heat-denatured, the denatured protein was recognized by the antibody that reacts with the hydrophobic surface of the amino-terminal segment of ovalbumin. This antibody signiˆcantly suppressed the binding of BiP to denatured ovalbumin. BiP also bound the immobilized peptide in an ATP-dependent manner and the peptide stimulated the ATPase activity of BiP with a K m of 165 mM and a V max of 0.4 nmol W min per milligram. Measurement of surface plasmon resonance showed that the peptide had a K d of 0.52 mM by BiP, lower than that for RCMLA ( K d ＝1.1 mM) and even lower than that of the peptide P10K, PLSRTLSVAAKK, ( K d ＝21 mM). These results demonstrate that the aggregation-prone site on heat-denatured ovalbumin has almost the same hydrophobic nature of interacting with the molecular chaperone BiP as the conventionally known peptides that bind to the Escherichia coli chaperone DnaK.
Aggregation occurs through hydrophobic interactions when a polypeptide chain refolds in non-native states or when genetic variants of biologically active proteins assume inappropriate conformations, as observed in the case of dysfunctional serpins. Here, using the molecular chaperone BiP from bovine liver microsomes, we characterized the hydrophobic nature of the peptide segment which is considered to be a site required for aggregation among a non-inhibitory serpin ovalbumin in a heat-denatured state. Screening of the peptide scan for binding of BiP showed that BiP-binding sites are mostly buried in the folded ovalbumin. When ovalbumin was heat-denatured, the denatured protein was recognized by the antibody that reacts with the hydrophobic surface of the amino-terminal segment of ovalbumin. This antibody signiˆcantly suppressed the binding of BiP to denatured ovalbumin. BiP also bound the immobilized peptide in an ATP-dependent manner and the peptide stimulated the ATPase activity of BiP with a K m of 165 mM and a V max of 0.4 nmol W min per milligram. Measurement of surface plasmon resonance showed that the peptide had a K d of 0.52 mM by BiP, lower than that for RCMLA ( K d ＝1.1 mM) and even lower than that of the peptide P10K, PLSRTLSVAAKK, ( K d ＝21 mM). These results demonstrate that the aggregation-prone site on heat-denatured ovalbumin has almost the same hydrophobic nature of interacting with the molecular chaperone BiP as the conventionally known peptides that bind to the Escherichia coli chaperone DnaK.
Key words: aggregation; hydrophobic interaction; molecular chaperone; ovalbumin; serpin Aggregation is basically considered to be the formation of polymers or particles by protein molecules in non-native states and prevents unfolded polypeptides reaching their biologically functional state. Control of the aggregation processes is a serious problem in biomedical and biotechnology research in terms of the function of biological proteins and production of recombinant proteins. [1] [2] [3] [4] In vivo spontaneous but inappropriate folding of serine proteinase inhibitors (serpins) causes diverse diseases such as thrombosis, emphysema, and angioedema. 5) The genetic variant of human a1-antitrypsin causes an aggregate form of linear polymerization due to a barrier in the folding process, which leads to speciˆc hydrophobic sites being exposed. This model of loopsheet polymerization appears to provide an explanation for human diseases being caused by dysfunctional serpins. [5] [6] [7] A form of linear polymers can be produced by heating the wild-type a1-antitrypsin as well as the genetic variant, this being a potential property of serpins. Also, in the b-amyloid peptide and prion protein, which are also known to cause neuro-degenerative diseases, speciˆc sites on the polypeptides are thought to be involved in the formation of insolubleˆbrils with a b-sheet like structure. 8, 9) Recently, Speed et al. reported that the folding intermediates for each protein preferred to self-associate in the inclusion body when both P22 tailspike and coat proteins are co-expressed in bacteria as recombinant forms, suggesting their speciˆcity in aggregation. 10) Considering the regular form of aggregates, therefore, we speculate that aggregationprone sites on denatured proteins can be regarded as deˆned hydrophobic patches that might share common characteristics to produce highly ordered aggregates.
Molecular chaperones are well known to assist protein folding and regulate many cellular functions. [11] [12] [13] [14] [15] Major constituents of the cellular chaperones are heat shock protein 70 (Hsp70). BiP is the sole ERresident protein of the Hsp70 family of molecular chaperones. Like other Hsp70 proteins, BiP is thought to inhibit intra-or intermolecular aggregation by recognizing hydrophobic sequences on denatured proteins and maintain them in a folding-or oligomerization-competent state. 16, 17) The diversity of peptide sequences that BiP recognizes may suggest common characteristics for aggregation-prone sites on protein molecules. Moreover, successful development of a computer scoring system and algorithm to predict the potential binding sites of BiP and DnaK in protein sequences enables us to search for candidate sequences for aggregation-prone sites in protein primary structures. 18, 19) Thus far, many peptide sequences have been identiˆed as the substrate binding motif for BiP and DnaK. The potential binding sites were also predicted within natural protein sequences. [18] [19] [20] However, how such potential sequences have an aggregation-prone nature on the real protein molecules remains unclear.
Ovalbumin shares the topology of secondary structural elements as well as a highly ordered tertiary structure deˆned by the crystal structure for a1-antitrypsin and functions as a substrate, but not as an inhibitor. [21] [22] [23] [24] [25] [26] Unusual features of ovalbumin include the limited proteolysis with pepsin under mild acidic conditions. 27) At pH 4, pepsin hydrolyzes only the single peptide bond of ovalbumin between His-22 and Ala-23 residues, removing the N-terminal small fragment peptide from the large fragment called Povalbumin. P-ovalbumin was found to have almost the same physicochemical properties as intact ovalbumin, such as intrinsic viscosity, and secondary and tertiary structure shown by CD spectra, although it lacks one sulfhydryl group. When heated under physiological conditions, however, P-ovalbumin produced linear aggregates, whereas the intact protein gave random aggregates. This remarkable diŠerence in aggregate form allows us to speculate that the Nterminal peptide could aŠect the aggregation process of denatured ovalbumin. We previously found that the intermediates produced in the refolding process of heat-denatured ovalbumin were kinetically trapped in a monomeric state and that they assume a molten globule-like structure. 28) These intermediates form linear polymers as observed in the case of serpin by manipulating the factors including the pH, ionic strength, protein concentration, and temperature of the medium. 29) Here, using these aggregation-prone intermediates, we characterized the peptide segment at the amino terminus of ovalbumin as a candidate aggregation site by analyzing the interaction occurring between this peptide and the molecular chaperone BiP.
Materials and Methods
Materials. Ovalbumin was puriˆed from the egg white of newly laid hens' eggs by crystallization in a solution of ammonium sulfate, and was recrystallizedˆve times. 30) Heat-denatured ovalbumin was prepared as described previously. 28) Bovine BiP was prepared from fresh liver according to a method reported previously. 29, 31) A monoclonal antibody was raised against hen ovalbumin according to a conventional method.
For detection of bovine BiP, a monoclonal antibody, which recognizes the consensus sequence of the Hsp70 family, was obtained from A‹nity BioReagents Inc. (Neshanic Station, NJ, USA). 32) A polyclonal antibody raised against hen ovalbumin and alkaline phosphatase-conjugated goat anti-rat IgG antibody with no cross-reactivity to mouse IgG were obtained from Organon Teknika Corp. (Durham, NC, USA). Protein A Sepharose was purchased from Pharmacia (Uppsala, Sweden). Nitroblue tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate were purchased from Promega (Madison, WI, USA), and pepsin (porcine stomach mucosa), whale skeletal muscle myoglobin (type II), and BSA (Fraction V) were from Sigma Chemical Co. (St. Louis, MO, USA). Urea of specially prepared reagent grade and other chemicals of guaranteed grade were obtained from Nacalai Tesque (Kyoto, Japan).
Preparation of ovalbumin peptide and anti-peptide antibody. Ovalbumin was incubated at 259 C for 14 h with pepsin (1 W 50, w W w) in the presence of 0.1 M sodium acetate buŠer (pH 4.0).
27) The digest was passed through a DEAE celluloˆne column equilibrated with 0.1 M sodium acetate buŠer to remove pepsin. The ‰ow through was put onto RP-HPLC on an octadecyl silica column (Cosmosil 5C18 AR-300, 4.6 i.d.×150 mm; Nacalai Tesque) and the column was developed with a linear gradient of acetonitrile to purify the N-terminal peptide pN1-22. The peptide was estimated to have a molecular weight of approximately 2,500 on SDS-PAGE and to be over 98z pure on analytical RP-HPLC.
A rabbit was immunized with puriˆed ovalbumin to obtain a fraction of polyclonal antibodies from blood. To remove a set of antibodies that recognize the surface of native ovalbumin, polyclonal antibodies were quantitatively mixed at 379 C for 1 h at the equivalence zone with the native protein, followed by overnight incubation at 49 C to precipitate the immune complexes. After the removal of precipitates, the supernatant obtained was put onto an A‹-Gel 15 agarose column that had been immobilized with the peptide pN1-22. After the column was washed thoroughly, the bound protein was collected as antipeptide pN1-22 antibody by elution with 0.1 M glycine-HCl (pH 3.0) buŠer. Approximately 30 mg of antipeptide antibody was recovered from 50 mg of starting materials.
Analysis of denatured ovalbumin by anti-peptide antibody. Three micrograms of anti-peptide antibody was adsorbed to 20 ml of Protein A Sepharose CL-4B beads. Antibody-loaded beads were mixed with 1.8 mg of native or denatured ovalbumin at 259 C for 1 h followed by overnight incubation at 49 C in the presence of PBS. The Sepharose beads bearing ovalbumin-antibody complexes were recovered by centrifugation at 3,000×g, washed three times with PBS, suspended in SDS-PAGE sample buŠer [62.5 mM Tris (pH 7.0), 1z SDS, 10z glycerol, 20 mM 2-mercaptoethanol], and treated in a boiling water bath for 5 min. A sample of the supernatant was electrophoresed on 10z SDS-PAGE according to the standard method used by Laemmli and proteins were electroblotted onto a PVDF membrane (Bio-Rad Lab.; Hercules, CA, USA) in the same way as described by Hirano. 33, 34) Ovalbumin was probed with mouse monoclonal antibody and the blot was developed with alkaline phosphatase-conjugated goat antibody against mouse IgG in a mixture of nitroblue tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate. The amount of ovalbumin bound to antibody was measured in terms of the ratio of areas of the bands showing blue material in a sample to those of the corresponding peaks in the standard. To examine the inhibitory eŠect of antibody on BiP binding to denatured ovalbumin, a portion of denatured ovalbumin (2.3 mg) was incubated at 259 C for 1 h in buŠer B in the absence or presence of 3.8 mg of anti-peptide antibody, followed by incubation at 309 C for 30 min with 3.9 mg of BiP, and then captured by Protein A Sepharose beads that had been preloaded with polyclonal antibody against ovalbumin. The complexes bound onto the beads were analyzed on 7.5z SDS-PAGE, and BiP was probed with rat monoclonal antibody as described above.
ATPase activity was measured by the method of Shlomai and Kornberg using TLC on PEI cellulose (Macherey-N äagel; D äuren, Germany) to separate the nucleotides. 35) Puriˆed BiP (1 mg) was incubated at 379 C for 20 min with various concentrations of ovalbumin or its peptide in a volume of 20 ml of buŠer C [20 mM Hepes (pH 7.0), 20 mM KCl, 2 mM MgCl2, and 10 mM (NH4)2SO4] supplemented with 8 mM ATP containing 0.5 mCi [a-
32 P]ATP. Stimulation of ATPase activity was assayed in the presence of ovalbumin over a concentration range from 10 mM to 0.3 mM. Portions of the reaction mixtures (2 ml) were spotted on PEI plates that had been prespotted with 1 ml of a mixture of nonradioactive AMP, ADP, and ATP (each 10 mM). The chromatography was developed to 15 cm in a mixture of 0.5 M LiCl and 1 M formic acid, and the plate was dried. The ATP and ADP spots were located under ultraviolet light at 254 nm. The radioactivity corresponding to each spot was measured with a FUJIX Bio-Imaging Analyzer BAS 2000 (Fuji Photo Film Co., Ltd., Tokyo, Japan) and expressed as a fraction of the total recovered in each lane.
Measurement of surface plasmon resonance. In the BIAcore 2000
TM system (Pharmacia Biosensor AB, Uppsala, Sweden), the puriˆed bovine BiP [50 mg W ml in 10 mM sodium acetate buŠer (pH 5.0)] was immobilized on the dextran matrix of the sensorchip (CM5) surface with a 1:1 mixture of NHS and EDC.
36) The excess active groups on the dextran matrix were blocked with 1 M ethanolamine (pH 8.5). 37) BiP was immobilized at the concentration of 7 ng W mm 2 . The peptide samples were passed over the sensor surface at 259 C at a ‰ow rate of 5 ml W ml at concentrations ranging from 5 to 500 mM. Running buŠer D [20 mM Hepes (pH 7.0), 150 mM KCl, 5 mM MgCl2, and 0.005z Tween 20] was used in this experiment. Kinetic analyses were done with the supplemental software BIAevaluation 3.1 (Pharmacia). We calculated the association rate constant, k ass , and dissociation rate constant, kdiss, for theˆrst phase, using curveˆtting to a simple two-component model of interaction (A＋B＝AB) for titration of the solution-phase ligand. The equilibrium dissociation constant, K d , was measured as k diss W k ass .
Peptide synthesis and ELISA testing. Peptide synthesis was done with Multipin Peptide Synthesis kits (Chiron Mimotopes Pty Ltd, Australia) according to the manufacturer's protocol. Peptides were C-terminally attached to the polypropylene-support and basically elongated by repetitive cycling of Fmocdeprotection, washing, and coupling of the appropriate amino acid per cycle.
38) The peptide as a positive control was KLIGVLSSLFRP. The pins with synthesized peptides were rinsed with buŠer E [20 mM Hepes (pH 7.0), 25 mM KCl, 2 mM MgCl2, 10 mM (NH4)2SO4, 0.05z Tween20] and coated with buŠer E containing 2z BSA. Biotinylated BiP was allowed to react with the pin peptides at the concentration of 100 nM in buŠer E at 259 C for 2 h. After extensive washing, BiP was detected with streptavidin-horseradish peroxidase with color development using TMBZ substrate.
Hydropathy proˆle of ovalbumin. The hydropathy proˆle of ovalbumin was depicted by plotting the averaged hydropathy index of a nonapeptide consisting of amino acid residues i-4 to i＋4 versus i, the residue number of the amino acid.
39) The computer program SDC-GENETYX (Software Developing, Tokyo, Japan) was used for this analysis. The primary structure of ovalbumin reported by Nisbet et al. was used.
40)

Results
Screening of ovalbumin peptide scans for binding of BiP
We screened pin-bound peptide scans representing the primary sequence of hen ovalbumin for BiP binding. The peptide scans consisted of 12mer peptides overlapping by 8 residues and presenting all potential binding sites for BiP. Twenty-seven out of 94 peptides synthesized were found to give strong positive signals (Fig. 1A) , which was signiˆcantly reduced in the presence of ATP (data not shown), and seven peptides also gave weak positive signals in our experimental conditions. The majority of BiP binding sites clearly correspond to the hydrophobic area predicted by the hydropathy index of a nonapeptide of ovalbumin (Fig. 1B) . 39) When the localization of BiP binding sites was mapped onto the corresponding three-dimensional structure of hen ovalbumin in the native state ( Figs. 2A and 2B) , the majority involve residues that are intrinsically buried within the hydrophobic core of the native protein and are mostly found in b-strand elements (3a-helices and 9b-strands). The primary sequence of hen ovalbumin was screened for potential BiP binding sites using the BiP score computer program. 18) Figure 1C shows that thirteen out of 379 heptapeptides (3.4z of total) for the hen ovalbumin sequence had BiP scores greater than ＋10 and twenty-ˆve peptides (6.6z of total) had scores in the range ＋6 to ＋10. Nine out of 13 peptide motifs with a BiP score greater than ＋10 (69z) and 14 out of 25 motifs with scores in the range ＋6 to ＋10 (56z) were completely included in the sequences of synthetic peptides with positive signals for BiP binding. Fifteen out of 34 synthetic peptides with positive signals (44z) included the potential BiP binding sites. These estimates indicate that the BiP binding sites can be predicted with considerable reliability from the scoring procedure. The localization of potential BiP binding sites is shown in Fig. 2C and 2D , being essentially comparable to that of many BiP binding sites obtained from screening of peptide scans. Exposure of the hydrophobic surface in the Nterminal peptide as a site for BiP binding
We examined the behavior of the amino terminal portion of ovalbumin. Most of the anti-peptide antibody fractions we puriˆed should react with the hydrophobic surface of the N-terminal peptide. Figure 3A shows that aboutˆve times more anti-peptide antibody bound to the denatured ovalbumin than to the native protein, suggesting that the hydrophobic surface of the N-terminal peptide was signiˆcantly exposed on the heat-denatured protein molecules. Figure 1A shows that BiP bound to the synthetic peptide with the sequence from residues 9 to 20 [ 9 EFCFDVFKELKV 20 ] , which is a part of the Nterminal peptide. To test the possibility that this portion on the denatured ovalbumin may be one of the sites to which BiP can bind, we examined the eŠect of the anti-peptide antibody on BiP binding to the heatdenatured protein. The absence of antibody allowed BiP to bind signiˆcantly to the denatured ovalbumin, whereas the binding of BiP was suppressed by about 45z in the presence of antibody (Fig. 3B) . Addition of monoclonal antibody raised against transglutaminase, native ovalbumin, and BSA did not have any inhibitory eŠect on BiP binding (data not shown).
ATP-dependent interaction of bovine BiP with the N-terminal peptide
Toˆnd whether bovine BiP interacts with the peptide pN1-22, BiP was incubated with the peptide-loaded agarose beads and then eluted by adding ATP. Qualitative analysis from the immunoblotting showed that the recovery was much higher when BiP reacted with the peptide-loaded agarose compared to the case of the agarose without peptide (Fig. 3C) , indicating the intrinsic binding of BiP to the N-terminal peptide in an ATP-dependent fashion.
The binding speciˆcity of bovine BiP was also conrmed by the stimulation of polypeptide-dependent ATPase activity (Fig. 4A) . The native ovalbumin did not display any ATPase-stimulatory activity. In contrast, the initial rate of ATP hydrolysis by BiP was signiˆcantly dependent on the concentration of the peptide pN1-22. The peptide pN1-22 elicited the ATPase activity of bovine BiP, having a Km for ATP hydrolysis of 165 mM. The kinetic data gave a linear double-reciprocal plot yielding a Vmax of 0.4 nmol W min per milligram for bovine BiP driven by the peptide pN1-22 (Fig. 4B) . Measurements were done using the BIAcore 2000 TM system as described in``Materials and Methods''. Mean values of k ass , k diss , and K d for theˆrst phase were measured using curveˆtting in a simple two-component model of interaction (A＋B＝AB) for titration of the solution-phase ligand. Analyses were done with BIAevaluation 3.1 software (Pharmacia). The equilibrium dissociation constant, K d , was calculated from k diss W k ass .
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Hydrophobic Interaction in Ovalbumin Aggregation
Surface plasmon resonance measurement of interactions between peptides and BiP Bovine BiP was used as a ligand immobilized on the dextran matrix. Panel A in Fig. 5 shows the titration of binding to the immobilized BiP of RCMLA, a well-known peptide substrate for DnaK. A signiˆcant rise in the sensorgram was observed in a concentration-dependent manner for RCMLA. Curvetting analysis of the binding phase of these curves gave an estimated association rate constant kass of 7.8 ×10 . 5B and 5C, respectively). With the peptide pN1-22, a lower concentration of the peptide bound strongly to the immobilized BiP than RCMLA and P10K peptide did (Fig. 5D) . Curveˆtting of data from these experiments provided values for binding parameters as given in Table 1 . Estimated association rate constants k ass for three substrates were diŠerent in a range of two orders of magnitude between 4.5× 10 1 M -1 s -1 for P10K and 1.8×10
3 M -1 s -1 for the peptide pN1-22. In contrast, the dissociation rate constant kdiss was almost in the same range of magnitude around 9.0×10 -4 s -1 , implying that bound polypeptide substrates dissociated slowly from the immobilized BiP. Complex formation in the absence of ATP was slow and appeared to be a two-step process with three peptides except for the Y6V peptide. Binding of peptides Y6V and P10K to the immobilized BiP was markedly antagonized in the presence of ATP, whereas the binding of RCMLA and the peptide pN1-22 was not completely abrogated but signiˆcantly reduced (data not shown). No intrinsic binding to BiP was observed for poly-glutamic acid polypeptide (Fig. 5E) , a-lactalbumin, or ovalbumin in the native state (data not shown).
Discussion
Considerable similarity was observed in the threedimensional localization between the actual BiPbinding sites on the ovalbumin primary structure and the potential sequences with high BiP score. Most of the potential BiP-binding sites are intramolecularly buried and form the core of the native molecule. They almost coincide with the water-inaccessible regions deduced from the hydropathic index. These data suggest the screening of peptide scans for binding of BiP to be a promising tool for predicting aggregation-prone sites. Screening of peptide scans showed that some BiP-binding sites were located at the highly conserved segments such as helix B, strand 3A, 4B, and 5B, as well as helix A, in the serpin superfamily. These segments also appear to play an important role as a hydrophobic core in the refolding of serpins. Therefore, it seems likely that an increase in water-accessibility of these segments aŠects the formation of aggregates in defective folding of serpins.
We have previously found that four free cysteine sulfhydryl groups, which are located near both amino and carboxyl termini, became reactive with DTNB when ovalbumin was heat-denatured, although they are buried within the intramolecular hydrophobic core in the native protein (see Fig. 1B) . 29) This suggests that the amino terminus of ovalbumin ‰uctuates upon heat denaturation. This was corroborated by our data showing that the hydrophobic region of the N-terminal peptide was exposed to a water-accessible environment in a heat-denatured state as an epitope recognized by antibody. This site might be a candidate of potential aggregation-prone sites recognized by BiP from the inhibition experiment. Other regions such as the carboxyl terminus and the b-strand containing the sequence from residues 172 to 183 might also be candidates for potential aggregation-prone sites. 29) This may be inferred from the result that the binding of BiP was suppressed by about 45z in the presence of antibody (see Fig. 3B ). However, we failed to examine the role of these regions on heat-induced aggregation of ovalbumin because we could not obtain enough antibody to do the experiment and also because of the insolubility of synthetic candidate peptides of these regions. At present, we don't know the number of BiP binding sites on the heat-denatured molecule. Considering the sizes of BiP and polyclonal antibodies, we cannot exclude the possibility of interference by antibodies in BiP binding at another site. In this paper, therefore, we examined the binding to BiP of the amino-terminal peptide partially to overcome this problem.
The scoring procedure predicts that the region designated as helix A within the N-terminal peptide includes two sequences of potential BiP-binding site. 18, 20, 24, 41) The Km of various synthetic peptides for the ATPase activity of bovine BiP varies from around 10 mM to À1 mM. 18, 20, 24) Flynn et al. measured the V max of bovine BiP driven by the peptides to be approximately 1.0 to 2.0 nmol W min per milligram. 31) Bovine BiP bound to the N-terminal peptide as well as the misfolded ovalbumin, but not to the native protein, in an ATP-dependent manner (Fig. 2C and  Fig. 3 ). The K m and V max values of the peptide pN we estimated were comparable to those reported before. Thus far, the Kd values have been reported for several peptides: 12 mM of KRQIYT-DLEMNRLGK, 17 mM of HWDFAWPW, and 33 mM of YVDRFIGW for the bovine BiP molecule. 18, 24) These peptides include motifs having BiP scores of ＋9, ＋32, and ＋5, respectively. Similarly, the peptides Y6V and P10K displayed a comparable a‹nity to BiP ( Kd of 27 mM and 21 mM, respectively), despite not having such high BiP scores (＋6 and -1, respectively). 42) Ovalbumin peptide pN1-22 bound to BiP with a very high a‹nity of Kd of 0.52 mM. Presumably, the high a‹nity is due to two sequences with BiP scores of À＋10 located at the middle position of this peptide. When the conformation of this peptide was examined by far-UV CD, the spectrum showed a partially extended conformation (data not shown). Thus, our results demonstrate that the N-terminal region of ovalbumin could be one of the potential BiP-binding sites for aggregation among non-native serpins, with the data of alignment of the primary structure of serpins showing high evolutionary conservation in the N-terminal a-helical region.
The kinetics of peptide binding to BiP showed that complex formation was slow and involved a two-step process under nucleotide-free conditions in the cases of RCMLA, P10K, and ovalbumin peptide. Complex formation with the peptide Y6V could be described by a single-exponential function. The diŠerence in the mode of action of complex formation might arise from a diŠerence in peptide length. This two-step reaction mode is similar to that for the binding of peptide substrates to Escherichia coli DnaK reported previously. 43) It has been considered that the two-step reaction might arise from a process in which the peptideˆrst forms an encounter complex with a molecular chaperone. In the second step, the peptide might become locked into the complex with a higher a‹nity after rearrangement of the chaperone, the peptide, or both. [43] [44] [45] In this study, we did the binding assay under nucleotide-free conditions. In general, ATPliganded DnaK displayed a low a‹nity for target peptides and fast on and oŠ rates, while ADP-ligand-ed and nucleotide-free DnaK binds peptides with a high a‹nity and slow on and oŠ rates. [43] [44] [45] [46] [47] [48] Although it is possible that BiP behaves somewhat diŠerently to DnaK, the peptide-binding pocket is considered to be closed in the absence of ATP. On the other hand, ATP-liganded BiP seems likely to be the prevalent species of BiP in vivo and the peptide-binding pocket appears to be open in the ATP form, facilitating the binding of a wide range of hydrophobic peptides. 49) Therefore, widely divergent rates of binding to the ATP form might re‰ect the sequence-speciˆc hydrophobicity of the peptide itself. We previously suggested that exposure of a hydrophobic b-strand segment possibly causes linear polymerization of denatured ovalbumin. 29) Taking these problems into account, estimation of the kinetics of binding of intrinsic BiP-binding peptides to the ATP form is under way.
It seems likely that the process of folding of other inhibitory serpins is similar to that of a non-inhibitory serpin ovalbumin. However, it is still an open question whether the N-terminal region including helix A is subject to limited proteolysis for serpins other than ovalbumin and also whether it could aŠect the formation of aggregates during their defective folding of serpins. At present, it thus follows that the aggregation-prone site on denatured ovalbumin has almost the same hydrophobic nature of interacting with the molecular chaperone BiP as the conventionally known peptides that bind to Escherichia coli chaperone DnaK. Moreover, together with some genetic variants of serpins, a non-inhibitory serpin ovalbumin seems likely to serve as a promising model for elucidating the oŠ-pathway mechanism in serpin folding.
